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We studied the isotope effect of crystal water on the emission lifetime of Ru(dbb)2(CN)2?2H2O in the solid
state. The emission lifetime ratio of Ru(dbb)2(CN)2?2D2O (dbb = 4,49-di-tert-butyl-2,29-bipyridine) and
Ru(dbb)2(CN)2?2H2O was determined to be tD/tH = 1.14¡ 0.05 at 298 K. From a crystal structural analysis,
it was concluded that hydrogen bonding between crystal water and the 5,59- and/or 3,39-H atoms of the
dbb ligands contributed more effectively to the isotope effect of crystal water on emission lifetime than
that between water and the CN ligands. With increasing temperature, two water molecules were released
at 310–345 K and over 385 K stepwise from hydrophobic channels constructed from dbb moieties.
Exposure of the non-hydrated crystal, Ru(dbb)2(CN)2, to H2O or D2O vapor at 298 K gave
Ru(dbb)2(CN)2?2H2O or Ru(dbb)2(CN)2?2D2O, respectively. Under a H2O–D2O mixed atmosphere, there
was no correlation between the ratio of H2O and D2O in crystal water and the statistical distribution of
H2O and D2O in the mixed atmosphere. Even under a 70% D2O atmosphere, selective sorption of H2O in
the crystal of Ru(dbb)2(CN)2 was observed.
Introduction
Solvent isotope effects on the emissions of a number of Ru(II)
polypyridine complexes in solution have been investigated.
Van Houten and Watts reported that the lifetimes (t) and
quantum yields (w) of [Ru(bpy)3]
2+ (bpy = 2,29-bipyridine) were
tH = 580 ns and wH = 0.042 in H2O, and tD = 1020 ns and wD =
0.070 in D2O.
1 The isotope effect was represented as the ratios
of lifetimes tD/tH = 1.76 or non-radiative rates kH/kD = 1.81,
where kH and kD were calculated from (1 2 w)/t in H2O and
D2O, respectively. Kova´cs and Horva´th reported a large solvent
isotope effect on the emission lifetime of [Ru(bpy)(CN)4]
22 (tD/
tH = 3.03 and kH/kD = 3.10).
2 The increase in tD/tH and kH/kD
for [Ru(bpy)(CN)4]
22 was attributed to the decrease in the
electronic coupling induced by the stretching vibration of the
CN group hydrogen bonded to D2O. For Ru(bpy)2(CN)2, the
emission lifetimes were reported to be tH = 576 ns and tD = 936
ns;3 the solvent isotope effect is tD/tH = 1.63, which is slightly
smaller than that of [Ru(bpy)3]
2+ and considerably smaller
than that of [Ru(bpy)(CN)4]
22. The solvent isotope effect on the
emission lifetime of Ru(bpy)2(CN)2 was similar to that of
[Ru(bpy)3]
2+ but not to that of [Ru(bpy)(CN)4]
22; in contrast to
[Ru(bpy)(CN)4]
22, hydrogen bonding with the CN ligands did
not effectively contribute to the solvent isotope effect on
emission lifetime.
Ru(bpy)2(CN)2 is well known as a solvatochromic material,
which shows different luminescence colors when dissolved in
various organic solvents.4 Consequently, the complex is
potentially a material of both multicolor organic light-emitting
diodes (OLEDs) and highly sensitive detectors of volatile
organic compounds (VOCs).5 We reported that crystals of the
Ru(dbb)2(CN)2 (dbb = 4,49-di-tert-butyl-2,29-bipyridine) com-
plex deposited from solution show luminescence chromism
depending on the nature of the crystal solvent, such as dark-
red luminescence for Ru(dbb)2(CN)2?3(CH3)2CO and bright
orange for Ru(dbb)2(CN)2?2H2O.
6 The ‘‘solvatochromic’’ beha-
vior of the complex crystal is very similar to the solvent effect
on an emission spectrum in solution, depending on the
solvent reorganization energy due to a drastic change in dipole
moment of the complex between the ground and metal-to-
ligand charge-transfer (MLCT) states.7 The dynamic spectral
shift due to relaxation from the Franck–Condon state to the
relaxed 3MLCT state was observed in the time-resolved
emission spectra of Ru(dbb)2(CN)2?3(CH3)2CO and
Ru(dbb)2(CN)2?nCH3OH at 77 K.
6 In contrast, the time-
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resolved spectrum of the non-hydrated Ru(dbb)2(CN)2 crystal
did not show any spectral shift. Concerning the ‘‘solvatochro-
mism’’ of a crystal sample, it should be noted that the
luminescence color is not controlled by a continuous dielectric
medium consisting of a large amount of solvent molecules,
but by a few solvent molecules surrounding the complex
molecule. For the crystal of Ru(dbb)2(CN)2?2H2O, which
showed the same emission spectrum as that in aqueous
solution, the stepwise release of two crystal water molecules
resulted in a red-shift of the spectrum as the crystal was
gradually evacuated in a vacuum line.8 The emission spectrum
was recovered by exposing the non-hydrated crystal to
moisture.
In this paper, we present the isotope effect of crystal water
on the emission lifetime of Ru(dbb)2(CN)2 crystal. The
difference in lifetimes of Ru(dbb)2(CN)2?2H2O and
Ru(dbb)2(CN)2?2D2O is examined based on hydrogen bonding
between crystal water and the dbb moiety. For the non-
hydrated Ru(dbb)2(CN)2 crystal, we also present the difference
in selective sorption of H2O and D2O.
Experimental
Materials
Ru(dbb)2(CN)2 (dbb = 4,49-di-tert-butyl-2,29-bipyridine) was
prepared as previously reported.8 Ru(dbb)2(CN)2 dissolved in
a H2O(D2O)–CH3CN (9 : 1) mixture was degassed by the
freeze–pump–thaw method in a vacuum line just before
luminescence measurements. Complex crystals of
Ru(dbb)2(CN)2?2H2O and Ru(dbb)2(CN)2?2D2O were prepared
by slowly evaporating the H2O–acetone and D2O–acetone
solvents, respectively. For vapochromism, the non-hydrate
solid sample was exposed to H2O, D2O, and H2O–D2O vapors
in a sealed quartz cell.
Measurements
UV-vis spectra were measured by a Shimadzu MultiSpec 1500
spectrophotometer. FTIR spectra were measured by a JASCO
FTIR 4000, and 1H NMR spectra were taken by a JEOL NMX
270. Luminescence spectra and lifetimes were measured by a
JASCO FP-6500 fluorescence spectrophotometer and a
UNISOKU Nd:YAG laser photolysis system, respectively.
Emission lifetimes were estimated by the least-square method
from the plot of emission intensity as a function of time, taken
by a SONY Tektronix TDS320 digital oscilloscope after laser
excitation with a pulse width of 4–5 ns (fwhm) at 355 nm
(Continuum Nd:YAG Surelite I laser).
Crystallographic studies
Single crystals of Ru(dbb)2(CN)2?2H2O were grown by slowly
evaporating the water–acetone solvent. A suitable crystal was
glued on a glass fiber with epoxy resin. X-ray diffraction data
were first obtained at 195(2) K using a cold nitrogen stream,
and then at 293(2) K on a Rigaku R-axis rapid imaging plate
detector with graphite-monochromated Mo-Ka radiation (l =
0.71075 Å). Data were processed by the Process-Auto program
package,9 and absorption corrections were applied using the
numerical method.10 The structures were solved by the direct
method using SIR 200411 and refined on F2 (with all
independent reflections) using the SHELXL97 program.12 All
non-H atoms were refined anisotropically, and H atoms were
introduced at the positions calculated theoretically and treated
with riding models (except for the H atoms of hydration water
molecules which were not included). All calculations were
carried out using the Crystal Structure software package.13
Isotropic atomic displacement parameters (Beqs) were evalu-
ated by the following equation:
Beq = 8/3p
2(U11(aa*)
2 + U22(bb*)
2 + U33(cc*)
2 +
2U12(aa*bb*)cosc + 2U13(aa*cc*)cosb + 2U23(bb*cc*)cosa. (1)
Results and discussion
Solvent isotope effect in solution
Emission lifetimes (t) and quantum yields (w) of
Ru(dbb)2(CN)2 (dbb = 4,49-di-tert-butyl-2,29-bipyridine) were
obtained as tH = 307 ns and wH = 0.024 in H2O, and tD = 510 ns
and wD = 0.034 in D2O at 298 K, where 10% CH3CN was added
to the solvents to increase the complex solubility in water.
Solvent isotope effect on emission lifetime was clearly
observed; the ratios of lifetimes and non-radiative rates were
obtained as tD/tH = 1.66 and kD/kH = 1.68, respectively. They
were very similar to tD/tH = 1.63 of Ru(bpy)2(CN)2
3 and to tD/
tH = 1.76 and kH/kD = 1.81 of [Ru(bpy)3]
2+,1 and were much
smaller than tD/tH = 3.03 and kH/kD = 3.10 of
[Ru(bpy)(CN)4]
22.2 In contrast to [Ru(bpy)(CN)4]
22, the hydro-
gen bonding between solvent molecules and CN ligands of
RuL2(CN)2 (L = bpy or dbb) was concluded to contribute less
effectively to the solvent isotope effect on emission lifetime.
The similarity in solvent isotope effect between RuL2(CN)2 and
[Ru(bpy)3]
2+ suggests that the interaction between the solvent
and bpy moiety is important.
Isotope effect of crystal water
The isotope effect of crystal water was clearly observed by
differences in emission of Ru(dbb)2(CN)2?2H2O and
Ru(dbb)2(CN)2?2D2O as shown in Fig. 1. The intensity of the
Ru(dbb)2(CN)2?2D2O emission spectra taken at different
temperatures was considerably larger than that of
Ru(dbb)2(CN)2?2H2O, and their time courses of emission was
also different. Each emission decay curve of the crystals was
analyzed by the double exponential function of I(t) = Aexp(2t/
t) + A9exp(2t/t9).14 The longer lifetime components (t) but not
the shorter ones (t9) were dependent on solvent isotope, and
were evaluated as tH = 383¡ 11 ns and tD = 438¡ 7 ns at 298
K for Ru(dbb)2(CN)2?2H2O and Ru(dbb)2(CN)2?2D2O, respec-
tively. Although the ratio of lifetimes was only tD/tH = 1.14 ¡
0.05, this value was significant in terms of isotope effect on
emission lifetime. When both the solid samples were heated,
each emission spectrum was red-shifted due to desorption of
crystal water molecules. Emission peak shifts for
Ru(dbb)2(CN)2?2H2O and Ru(dbb)2(CN)2?2D2O were identical
at each temperature. This means that there is no difference in
D2O and H2O desorption from the crystal. Emission lifetimes
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of Ru(dbb)2(CN)2?H2O and Ru(dbb)2(CN)2?D2O at 298 K were
evaluated as tH = 281 ¡ 10 ns and tD = 295 ¡ 10 ns,
respectively, where Ru(dbb)2(CN)2?H2O and Ru(dbb)2(CN)2?
D2O were prepared by heating the corresponding
Ru(dbb)2(CN)2?2H2O and Ru(dbb)2(CN)2?2D2O at 340 K or by
evacuating water vapor on a vacuum line at around 1023 Pa.
The ratio of lifetimes was obtained at a much smaller value tD/
tH = 1.05 ¡ 0.07.
Crystal structure
X-ray crystallography for the Ru(dbb)2(CN)2?2H2O crystal was
carried out. The complex molecule having an approximate C2
symmetry crystallized in an orthorhombic space group Pbca
with a complex molecule and two crystallographically inde-
pendent water molecules in an asymmetric unit. Crystal data
at 195(2) and 293(2) K are listed in Table 1. Selected bond
lengths and angles obtained at 195(2) K are listed on the left
column in Table 2. The bond lengths of Ru–N3, Ru–N4, Ru–
N5, and Ru–N6 are 2.077(3), 2.097(3), 2.095(3), and 2.070(3) Å,
respectively, and are slightly longer than that of [Ru(bpy)3]
2+
(2.056 Å).15 Those of Ru–N4 and Ru–N5 are particularly longer
than Ru–N3 and Ru–N6 due to a strong trans-influence of the
CN ligands. Bond lengths of Ru–C1, Ru–C2, C1–N1, and C2–N2
are 2.003(4), 1.997(4), 1.145(5) and 1.146(5) Å, respectively,
which are very close to those of [Ru(bpy)(CN)4]
22 (Ru–C =
2.000 Å, C–C = 1.145(5) and 1.146(5) Å).16 Table 2 also lists
bond lengths and angles at 293(2) K, which are essentially the
same as those at 195(2) K. With increasing temperature, the
Ru–N3 bond is shortened to 2.069(3) Å and the Ru–N5 bond is
elongated to 2.102(3) Å, and the angles of C1–Ru–C2 and Ru–
C2–N2 are changed to 93.78(15) and 174.1(4)u, respectively. CN
bond lengths of C1–N1 = 1.145(5) and C2–N2 = 1.143(5) Å are
unchanged from those at 195(2) K, respectively.
Fig. 2 shows ORTEP drawings obtained from the structural
data taken at 195(2) and 293(2) K. We can see two O atoms (O1
and O2) in crystal water molecules, and their atomic
displacement factors are larger than those of the other atoms.
They are evaluated as Beq = 8.5(2) for O1 and Beq = 5.66(9) for
O2 at 195(2) K, and Beq = 28.0(6) for O1 and Beq = 12.9(2) for O2
at 293(2) K. This observation suggests that the water molecules
are easily released from the crystal by heating. The difference
in Beqs of O1 and O2 suggests that there is a difference in
ability to release crystal water molecules. We also notice a
significant difference in Beqs of C33 (Beq = 7.1(2) at 195(2) K
and Beq = 18.7(6) at 293(2) K), which might be related to the
Table 1 Crystallographic information for Ru(dbb)2(CN)2?2H2O
195(2) K 293(2) K
Colour Orange Orange
Crystal system Orthorhombic Orthorhombic
Space group Pbca(no.61) Pbca(no.61)
T/K 195(2) 293(2)
a/Å 17.7475(6) 17.7803(6)
b/Å 11.7784(6) 11.8826(7)
c/Å 35.4048(12) 35.7471(13)
V/Å3 7401.0(6) 7552.6(6)
Z 8 8
r/g cm23 1.303 1.277
R1
a[I . 2s(I)] 0.0461 0.0498
wR2
b (all data) 0.1277 0.1408
GOF 1.077 1.097
a R1 = S||Fo| 2 |Fc||/S|Fo|.
b wR2 = [Sw(Fo
2 2 Fc
2)2/SwFo2]1/2.
Table 2 Selected bond lengths (Å) and angles (u) of Ru(dbb)2(CN)2?2H2O
Bond length (Å) 195(2) K 293(2) K
Ru–N3 2.077(3) 2.069(3)
Ru–N4 2.097(3) 2.096(3)
Ru–N5 2.095(3) 2.102(3)
Ru–N6 2.070(3) 2.068(3)
Ru–C1 2.003(4) 2.003(4)
Ru–C2 1.997(4) 2.001(4)
N1–C1 1.145(5) 1.145(5)
N2–C2 1.146(5) 1.143(5)
Angle (u) 195(2) K 293(2) K
C1–Ru–C2 94.66(15) 93.78(15)
Ru–C1–N1 172.9(4) 172.9(4)
Ru–C2–N2 173.3(3) 174.1(4)
N4–Ru–C1 170.71(13) 170.85(12)
N5–Ru–C2 171.51(12) 171.61(12)
N3–Ru–N4 77.69(11) 77.68(11)
N5–Ru–N6 77.92(11) 77.91(10)
N3–Ru–N6 170.27(11) 170.63(11)
Fig. 2 ORTEP drawings with 50% ellipsoids of Ru(dbb)2(CN)2?2H2O which are
produced using the X-ray crystallographic results of the same crystal obtained at
195(2) and 293(2) K.
Fig. 1 (A) Emission spectra of Ru(dbb)2(CN)2?2H2O (black) and
Ru(dbb)2(CN)2?2D2O (red) at different temperatures. (B) Time courses of
emission intensity monitored at 640 nm for Ru(dbb)2(CN)2?2H2O (black) and
Ru(dbb)2(CN)2?2D2O (red) after excitation with a 355 nm Nd:YAG laser at 298 K.
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desorption of crystal water. We tried to heat the crystal to
determine the crystal structure of Ru(dbb)2(CN)2?H2O.
However, it was unsuccessful because the crystal collapsed
with increasing temperature to 340 K.
Fig. 3 illustrates an arrangement of crystal water molecules
in the single crystal of Ru(dbb)2(CN)2?2H2O at 195(2) K and
hydrogen bonding of crystal water molecules with CN groups.
All water molecules are attached to the CN groups via
hydrogen bonding and classified into two groups of Waters
A (O1, green) and B (O2, red) by O…N distances and O…N–C
angles; O1…N2 = 3.000(6) Å, O1…N2–C2 = 175.5(3)u for Water A
and O2…N1 = 2.787(5) Å, O2…N1–C1 = 137.0(3)u for Water B.
For Water A, another hydrogen bond to the CN ligand of an
adjacent complex molecule (O1…N2i = 3.151(6) Å; symmetry
code: i =2x + 1,2y + 2,2z + 1) is observed. These data suggest
that the greater the number of hydrogen bonds between CN
and each Water A molecule, the greater the stability toward
desorption from the crystal by heating or evacuating than
Water B. In addition, some Water A molecules balance the
electrostatic interactions from the CN ligands and other Water
A molecules. Therefore, it makes sense that the atomic
displacement parameter of Water A (O1: Beq = 8.5(2)) is larger
than Beq = 5.66(9) of Water B (O2). For N atoms of CN ligands
hydrogen bonded to water, it is evaluated that Beq = 3.31(7) for
N1 and 2.70(6) for N2 at 195(2) K. Despite being hydrogen
bonded to Water A (O1) with a large displacement, the Beq of
N2 is smaller than that of N1. With increasing temperature to
293(2) K, the hydrogen-bonding parameters change as follows:
O1…N2 = 3.003(9) Å, O1…N2–C2 = 167.1(4)u, and O1…N2i =
3.077(10) Å for Water A (O1); O2…N1 = 2.769(6) Å, and O2…N1–
C1 = 138.8(4)u for Water B (O2). The distances between O and
N are shorter than those at 195(2) K. In particular, the decrease
in O1…N2i bond length is the largest. At 293(2) K, the atomic
displacement parameters of N atoms of CN ligands are
increased; Beq = 5.36(9) for N1 and 4.29(7) for N2.
Fig. 4 shows channel structures consisting of complex
molecules, when viewed along the a-axis of the single crystal of
Ru(dbb)2(CN)2?2H2O. Waters A (O1, green) and B (O2, red) are
stored in the hydrophobic channels mainly constructed from
the dbb ligands. It is suggested that the reversible desorption/
sorption of Waters A and B can be easily initiated by
controlling the water vapor pressure depending on the
temperature. Yellow color indicates the C atom (C33) of the
tert-butyl group which has the largest atomic displacement
parameter, Beq, among the C atoms. It is suggested that the
large displacement of C33 contributes to the opening of the
channel gate to release Water B (O2, red) with increasing
temperature.
Water sorption/desorption
As shown in Fig. 5, two exothermic processes at 310–345 K and
over 385 K, which are attributed to stepwise release of crystal
water molecules, were observed in DSC for
Ru(dbb)2(CN)2?2H2O. The stepwise water release was cross-
checked by 1H NMR in dry acetone-d6; integration values of
1H
signals for the solid sample heated at 350 K gave a 1 : 1 ratio of
the number of crystal water and complex, and no water
molecules were detected for the solid sample heated at over
400 K. Enthalpy changes (DHu) in the exothermic processes
were estimated as DHu(1) = 2.9 mJ mg21 and DHu(2) = 4.1 mJ
mg21, where (1) and (2) denoted the peaks at 330 K and 400 K,
respectively. More heat is required for the second water loss
compared with the first water loss. We could not detect any
changes in the crystal structure due to heating during the
Fig. 3 An arrangement of crystal waters in the single crystal of
Ru(dbb)2(CN)2?2H2O at 195(2) K. Waters A and B are represented as green and
red spheres, respectively. Dotted lines represent the hydrogen-bonding of
crystal waters and CN ligands. H atoms are omitted for clarity.
Fig. 4 Channel structure consisting of ligands, when viewed along the a-axis of
the single crystal of Ru(dbb)2(CN)2?2H2O. Waters A (O1, green) and B (O2, red)
are stored in the channels. Yellow colour indicates C atoms (C33) which has the
largest atomic displacement parameter, Beq. Purple, blue, and gray colours
indicate Ru, N and C atoms, respectively. H atoms are omitted for clarity.
Fig. 5 A DSC result for Ru(dbb)2(CN)2?2H2O obtained at a heating rate of 10 K
min21. Two exothermic peaks observed at around 330 and 400 K were
attributed to the stepwise water loss.
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powder XRD measurement. At around 300 K, the XRD pattern
was identical to the simulation from the data obtained at
293(2) K. Even with heating at 400 K, the pattern was not
drastically changed. These results mean that the framework or
channel assembled from Ru(dbb)2(CN)2 units is maintained
during the water sorption/desorption cycle.
Origin of isotope effect
According to the literature reported on emission lifetime of
partially deuterated [Ru(3,39-d2-bpy)3]
2+, [Ru(4,49-d2-bpy)3]
2+,
[Ru(5,59-d2-bpy)3]
2+, and [Ru(6,69-d2-bpy)3]
2+, deuteration of the
5,59- and/or 6,69-positions of bpy increased the emission
lifetime.17 As an analogy, hydrogen bonding between the
crystal water molecules and H atoms at the 5,59- and/or
6,69-positions of the dbb ligand is considered to be important
in the isotope effect of crystal solvent on the emission lifetime
of Ru(dbb)2(CN)2 crystal. In Fig. 6, hydrogen bonding between
H atoms of the bpy moiety and crystal water molecules are
shown as dotted lines: O1i–H30 = 2.741 Å and O1i–H30–C30 =
119.8u for Water A (O1; symmetry codes: i = 2x + 1, 2y + 2, 2z
+ 1); O2ii–H22 = 2.762 Å, O2ii–H22–C22 = 171.5u, O2iii–H27 =
2.550 Å, O2iii–H27–C27 = 163.7u, O2iii–H24 = 2.748 Å, O2iii–
H24–H24 = 166.6u for Water B (O2; symmetry codes: ii = 2x +
1/2, y21/2, z; iii = 2x + 1, y21/2, 2z + 1/2). These data indicate
that Water B (O2) connecting to H22, H24, and H27 effectively
contributes to the isotope effect on the non-radiative rate
induced by C–H stretching vibration. The isotope effect on C–
H stretching (in and out of plane) (nCH) of the pyridine ring
was observed at around 2900 cm21 in the FTIR spectra of
Ru(dbb)2(CN)2?2H2O and Ru(dbb)2(CN)2?2D2O as shown in
Fig. 7. The vibrational mode was assigned according to the
literature.18 Two peaks of Ru(dbb)2(CN)2?2D2O at 2855 and
2926 cm21 can be clearly distinguished from the peaks of
Ru(dbb)2(CN)2?2H2O at 2871, 2908, and 2962 cm
21. However,
C–N stretching modes (nCN) of Ru(dbb)2(CN)2?2D2O at around
2050–2100 cm21 were very similar to those of
Ru(dbb)2(CN)2?2H2O. At around 1000 cm
21, which is the
frequency region of active promoting mode for non-radiative
deactivation of excited [Ru(bpy)3]
2+,17 the band at 1059 cm21 of
Ru(dbb)2(CN)2?2H2O disappeared from the spectrum of
Ru(dbb)2(CN)2?2D2O. Presumably the band was shifted to the
lower frequency region and became obscured by the broad
peak at 1023 cm21.
H/D selectivity of water sorption
We measured the emission lifetimes at various temperatures
to examine the isotope effect on the water sorption of
Ru(dbb)2(CN)2 crystal. In this measurement, the non-hydrated
complex crystal was prepared by evacuating at 1023 Pa in a
sealed glass cell, and then it was exposed to saturated vapor of
H2O, D2O, or a H2O–D2O mixture at room temperature. After
the pressure in the cell at 298 K was adjusted to 105 Pa,
lifetime measurements were carried out. The emission lifetime
was decreased with increasing temperature; plots of emission
lifetimes under H2O (black circle) and D2O (red circle)
atmospheres against temperatures from 280 to 340 K are
shown in Fig. 8. The temperature dependence of lifetime is
complicated because it includes the decrease of lifetime due to
not only water desorption but also thermal deactivation via the
3d,d* state.19 However, we know that the thermal deactivation
is an intra-molecular process, and D2O vapor behaves like H2O
in the sorption/desorption cycle. Therefore, we conclude that
the difference in lifetime between H2O and D2O atmospheres
at each temperature is due to the isotope effect on emission
lifetime. Under 70% D2O atmosphere (orange circles), the
emission lifetime at each temperature was very similar to that
observed at 100% H2O atmosphere (black circles). This result
suggests that H2O vapor is selectively sorbed in the complex
Fig. 6 Hydrogen bonding of Waters A (green) and B (red) to H atoms (yellow) in
ligands for Ru(dbb)2(CN)2?2H2O.
Fig. 7 FTIR spectra of Ru(dbb)2(CN)2?2H2O (top) and Ru(dbb)2(CN)2?2D2O
(bottom) in KBr pellets. The large and broad band of bulk H2O in KBr pellets is
observed in the O–H stretching region over 3000 cm21. Asterisks denote the
antisymmetric vibration of CO2.
Fig. 8 Temperature-dependent lifetime of Ru(dbb)2(CN)2 solid under H2O–D2O
mixed atmospheres. D2O content was varied as 0% (black), 70% (orange), 80%
(blue), and 100% (red).
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crystal despite the larger content of D2O. When the D2O
content was increased up to 80%, the plot was slightly changed
as shown by the blue circles in Fig. 8. Although the lifetimes at
around 340 K were the same as those at 100% H2O, those
below 300 K were close to those at 100% D2O (red circles). The
equilibrium ratio [H2O] : [HDO] : [D2O] for 80% D2O mixed
vapor is estimated to be 4 : 32 : 64 from the equilibrium
constant K = [HDO]2/[H2O][D2O] = 3.8 at 298 K,
20 while that for
70% D2O is 9 : 42 : 49. The difference in the actual D2O
contents of 70% and 80% D2O mixed vapors resulted in the
difference in emission lifetime below 300 K, while the lifetime
for 80% D2O over 310 K was not affected by the deuterium
effect even though the D2O content was dominant. Although
the contribution of HDO is considered to be large below 300 K
in both the conditions, unfortunately the effect of HDO on
emission lifetime is not distinguished from that of H2O from
the lifetime measurements. It is concluded that the water
remaining in the crystal at over 300 K is H2O (HDO) and the
other water released at over 310 K is D2O.
Conclusions
We presented the ‘‘crystal solvent’’ isotope effect on emission
lifetime for crystals of Ru(dbb)2(CN)2. From the analysis of
emission lifetime based on the crystal structure, we concluded
that the contribution of hydrogen bonding of water molecules to
5,59- and/or 3,39-H atoms of dbb was effective for the ‘‘solvent
isotope’’ effect on emission lifetime. This conclusion could be
applied to the solvent isotope effect on non-radiative decay of
*Ru(dbb)2(CN)2 or *[Ru(bpy)3]
2+ in water, which has not been
clarified so far.21 In fact, when the 5,59- or 3,39-H atom of the bpy
ligand is substituted by –CH3 or –CH2R, the solvent isotope effect
on non-radiative decay is reduced. For example, the emission
lifetimes of [Ru(phen)3]
2+ (phen = 1,10-phenanthroline) inH2O and
D2O at 295 K are tH = 1130 ns and tD = 1150 ns, respectively,
22 and
those of [Ru(dmb)3]
2+ (dmb = 5,59-dimetyl-2,29-bipyridine) at 298 K
are tH = 642 ns and tD = 745 ns.
23 The ratios of lifetimes are tD/tH =
1.02 for [Ru(phen)3]
2+ and 1.16 for [Ru(dmb)3]
2+, which are much
smaller than that of [Ru(bpy)3]
2+ in water (tD/tH = 1.76). In the
present work, the isotope effect on water sorption into the crystal of
Ru(dbb)2(CN)2 was also presented. We found a difference in
selective sorption of H2O and D2O molecules in H2O–D2O mixed
atmosphere. The observation was achieved by using the isotope
effect of crystal water on emission lifetime of Ru(dbb)2(CN)2.
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